We have identified a mutation in the zebrafish gene claudinj generated by retroviral integration. Mutant embryos display otoliths severely reduced in size, no response to tapping stimulus, and an inability to balance properly suggesting vestibular and hearing dysfunction. Antisense in situ hybridization to the cldnj gene showed expression first in the otic placode and later asymmetric expression in the otic vesicle. Morpholino inhibition of claudinj expression showed similar defects in otolith formation. Phylogenetic analysis of claudin sequences from multiple species demonstrates that claudinj was part of a gene expansion that began in the common ancestor of fish and humans, but additional fish specific gene duplications must have also occurred. Published by Elsevier Ireland Ltd.
Introduction
The zebrafish ear begins development as a two-cell thick ectodermal structure lateral to the hindbrain called the otic placode, which is first visible at approximately 16 h postfertilization (Kimmel et al., 1995) . The layers cavitate creating a hollow fluid-filled cavity called the otocyst. Shortly thereafter, the first two mechano-sensory receptors, or hair cells, appear. The kinocilia from these hair cells serve as the seed point for the calcium carbonate and protein deposits called otoliths. The otoliths are necessary for amplifying sound and acceleration information to the hair cells (Riley and Grunwald, 1996; Riley et al., 1997) . The otoliths are easily visible by 24 h postfertilization and over time, many more hair cells differentiate in the two regions surrounding those original two hair cells.
Essential to the creation of the otoliths is the establishment of a sealed compartment containing a unique protein and ion composition. The cells of the otic placode define the boundaries of this compartment. Prior to cavitation, the cells must polarize creating both an apical and basal surface while creating a secure seal with other adjacent cells. Essential to both this polarization process and to the establishment of a seal is the establishment of structures known as tight junctions (TJ; for a review see, Tsukita et al. (2001) ). TJ's were first identified as structures visible by electron microscopy and are responsible for bringing the membranes of the epithelial cells into close association. This creates a barrier allowing for different intercellular environments on each side of the epithelial layer. In recent years, several proteins have been identified which are associated with the TJ's (Fanning et al., 1999; Furuse et al., 1998 Furuse et al., , 1999 Simon et al., 1999; Tsukita and Furuse, 1999) most notable of which has been the large family of proteins known as claudins (Heiskala et al., 2001; Furuse, 1998, 2002) . Claudins are a family of integral membrane proteins. Common to all claudins are four membrane-spanning domains with both the N-terminal and C-terminal ends of the protein exposed to the cytoplasm of the cell with two extracellular loops, the first being larger than the second. These proteins have been demonstrated to Mechanisms of Development 122 (2005) be the primary component in TJ's being both necessary and sufficient for their formation in MDCK cells (Inai et al., 1999) . In humans, 20 claudins have been identified with evidence of complex expression patterns for many of these proteins. One of these genes, CLDN14, has been directly implicated in the human autosomal deafness locus DFNB29 (Wilcox et al., 2001 ). Other claudins have been shown to be expressed in the ears of several organisms including zebrafish, Xenopus laevis, and mice (Kollner et al., 2002) .
In a large scale insertional mutagenesis screen for embryonic defects in zebrafish (Amsterdam et al., 1999; Golling et al., 2002) we identified a mutation that displayed reduced otoliths, no response to tapping stimulus, and an inability to orient in space. We demonstrate that this mutation is caused by an insertion in the zebrafish tight junction protein claudinj (cldnj). We show expression of cldnj in the otic vesicle and brain, and determined the relationship of cldnj to all known human and mouse claudins.
Results

cldnj mutants display reduced otoliths and impaired hearing and balance
The allele initially termed Hi340 was identified in the large insertional mutagenesis screen performed at MIT (Amsterdam et al., 1999; Golling et al., 2002) . 23.5% of the offspring from an inbreeding (12 of 51) displayed otoliths that were significantly smaller than those in wildtype siblings (Fig. 1B compared to A, D compared to C). The embryos displayed no other obvious structural defects. The mutant embryos remained viable for approximately 12 days and then died from what appeared to be starvation. The otoliths remained small throughout the life of embryo and the swim bladder never inflated. We fixed and sectioned wildtype and mutant embryos at 31 h postfertilization (31 hpf) and at 5 days postfertilization (5 dpf). At 31 hpf, the particles that aggregate to expand the seeded otolith (Riley and Moorman, 2000; Riley et al., 1997) can be seen as a fine haze that collects on the medial side of the otic vesicle ( Fig. 2A, black arrows) . In the cldnj mutant embryos, the particles appear to be enlarged and accumulate randomly throughout the otic vesicle (Fig. 2B, black arrows) . At 5 dpf, hair cells are observed in both wildtype and mutant embryos with the protruding hair cell bundles attached into the otoliths (black arrows, Fig. 2C,D) . However, in the mutant embryos the otolith is severely reduced in size and unincorporated otolith material can be seen throughout the otic vesicle ( Fig. 2D ; black arrowheads).
Hearing can be tested in zebrafish by tapping on the tank or dish. The tapping elicits a robust startle/escape response in all fish (Ernest et al., 2000; Nicolson et al., 1998) . Sixty nine of 69 wildtype fish startled at least two of three times when the dish was tapped (see Table 1 ). Twenty seven of The 6 cm dish was tapped with a metal spatula three times with a minimum 15-s pause between each tap. A rapid movement immediately after a tapping stimulus was scored as a startle response.
27 mutant embryos failed to startle at least two of three times when the dish was tapped. When touched with a needle, a startle response was triggered in the mutant embryos, but the embryos swam in erratic patterns instead of a straight movement, suggesting that tactile and muscle function were normal, but that vestibular functions of these embryos was also affected (not shown).
The cldnj mutation is caused by a proviral insertion in the claudinj gene
Linkage analysis used to identify the causative insertion has been described previously (Golling et al., 2002) . A single integration was shown to co-segregate with the mutant phenotype. Using linker mediated PCR (LM-PCR), we isolated genomic sequences adjacent to each LTR of the provirus. BLAST homology search showed exact identity with the EST clone fc30g01 (GenBank accession no. AI722717) and the sequence for the zebrafish gene claudinj (NM_131769; Kollmar et al., 2001 ). The mutant was therefore named claudinj (cldnj). The proviral integration was in the 3 0 untranslated region of the gene (Fig. 3A) . We obtained clone fc30g01 and observed that the published sequence (NM_131769) and the EST clone (AI721663) differed by 1000 bp in the 3 0 UTR (Fig. 3D ). We could find no evidence for alternative splicing and different strains of fish showed different sized PCR amplifications of the genomic DNA across the 3 0 UTR (not shown) so we interpreted this difference to be caused by an inserted polymorphism. To definitively demonstrate that the integration was causing the mutant phenotype, we designed three primers (position marked on Fig. 3A ) that would allow us to distinguish the genotypes of the fish we tested. Twenty/20 mutant embryos were homozygous for the proviral insertion into the claudinj gene (samples in Fig. 3B ), while 37/37 phenotypically wildtype siblings were either heterozygous for the mutant allele or homozygous for the wildtype allele (Fig. 3C) . The proviral integration is not in the open reading frame of the mRNA and claudinj RNA could readily be detected by RT-PCR on pools of RNA made from wildtype or mutant embryos (not shown). However, in situ hybridization on mutant embryos with a probe to claudinj mRNA was negative (not shown).
RT-PCR is a much more sensitive technique than in situ hybridization and this may represent a difference in detection sensitivity. We postulated that the phenotype was caused by a reduction in the level of the claudinj protein.
As confirmation that the mutant phenotype is caused by the reduction of cldnj, we designed a morpholino antisense oligo to the cldnj gene. Injection of the cldnj-MO caused a morphant phenotype that had strong similarities to the cldnj mutant embryos. In 37 of 41 embryos that survived to 24 hpf after injection, the otoliths were significantly reduced in size (Fig. 1E) . At 48 h, otoliths continued to be reduced compared to wildtype, but were somewhat larger than cldnj mutant embryos (Fig. 1F) . A second morpholino to a different sequence showed similar results, but required higher concentrations and had secondary defects in the tail (not shown).
cldnj is expressed in the otic vesicle
To determine where cldnj is expressed in the developing embryo, we performed antisense in situ hybridization to cldnj on several stages of the developing embryo. The earliest stage tested was the seven somite stage, which precedes the stage of the visible otic placode (Kimmel et al., 1995) and bi-lateral staining was seen consistent with the location of the future otic placode (Fig. 4A) . Expression in the otic placode and then otic vesicle remains constant through all later stages tested (18, 31, 48 hpf, Fig. 4B,D-H) . However, expression does not appear to be uniform throughout the otic vesicle. The posterior view through the hindbrain in Fig. 4F (red arrow) shows that the expression of cldnj is limited to the dorso-lateral epithelial surface and is not expressed in the more medial or ventral epithelial layer of the vesicle. It is interesting to note that we see abnormal accumulation of otic particles in the dorsolateral regions of cldnj mutant embryos. At 18 hpf, there appears to be a low level of expression throughout the brain and CNS (Fig. 4C,D) that was not seen in the sense control (not shown). It is unclear as to whether this staining represents actual expression, background, or weak crosshybridization with related claudin genes. The staining is consistent and appears to be specific to the neuronal regions. Staining persists as late as was tested. Expression can be seen specifically in the otic vesicle at 31 (Fig. 4G ) and at 48 hpf (Fig. 4H) . Whole mount in situs on mutant embryos showed no hybridization (not shown).
cldnj's evolutionary relationship to other claudin genes
Recent studies have linked the tight junction protein claudin 14 to hereditary deafness in humans and mice (Ben-Yosef et al., 2003; Wilcox et al., 2001) . To establish the relationship between the zebrafish claudinj protein and the known claudin proteins in humans (and other species) we assembled a list of claudin genes and performed a phylogenetic tree analysis on the comprehensive list. Phylogenetic analysis had previously been done on the claudin family of genes in fish in at least two previous publications (Kollmar et al., 2001; Loh et al., 2004) . Because of the possible implications for human deafness, we performed an expanded phylogenetic tree analysis to more precisely define the evolutionary relationship between claudinj and mammalian paralogs. Fig. 5 shows the result of this analysis. cldnj (marked in red) falls into a cluster of six zebrafish claudins that are more closely related to each other than to the orthologous human or mouse genes. The cluster appears to be related to the node of human (or mouse) claudins 3, 4, 5, 6, and 9 without a clear association for which human protein is most directly associated to each zebrafish gene. Systematic testing of the expression of each claudin in each species may clarify the relationship amongst all the claudin family members and establish functional relationships for the different classes.
Discussion
We have demonstrated that a mutation in the zebrafish gene encoding the tight junction protein claudinj causes defects in otolith formation, as well as in hearing and vestibular function. We have shown that claudinj is expressed in the early zebrafish ear and at a lower level of expression in the zebrafish brain. We can draw several important conclusions from these results.
cldnj is expressed in the otic vesicle of the developing zebrafish embryo
We were able to demonstrate that cldnj is expressed in the otic vesicle throughout the critical early growth period of the otolith (18-31 hpf). We also show that the mRNA for cldnj in the mutant embryos is significantly reduced suggesting either a hypomorphic or null effect in cldnj. The cldnj antisense morpholino injected embryos confirms the observed phenotype is caused by the loss of cldnj function. The placode appears to form normally and cavitate properly suggesting that the majority of cell-cell attachments in the ears of cldnj mutants remain intact, but that some function of the tight junctions in the otic vesicle must somehow be compromised, or that there is another role for claudins in the developing ear that is different from its role in tight junction formation.
The formation of otoliths is clearly compromised in the cldnj mutant embryos. How the disruption of cldnj expression causes this retardation is unclear. Sectioning suggested that the cldnj protein is somehow involved in the accumulation of otolith material into the forming otolith. At the transmitted light level, the production of the protein and calcium carbonate complex does not seem to be directly affected, as the particles appear to be visible in tissue sections. But these particles are not efficiently incorporated into the otoliths. There are several explanations for this. It is possible that the ionic composition of the otic vesicle has been disrupted preventing normal otolith formation. There are several studies that describe how altering the composition of claudins in the tight junctions can alter the ionic permeability of the barrier (Colegio et al., 2003; Furuse et al., 2001; Heiskala et al., 2001) . It is also possible that cell polarity is disrupted in the cells normally expressing cldnj. It is interesting that the expression of cldnj appears to be in the dorsal-lateral regions of the otic vesicle, while the accumulation of the otolith material occurs in the ventralmedial regions of the otic vesicle. cldnj expressing cells may create a microenvironment that excludes the occupation of that space with the otolith material thus driving up the concentration of the particles in the opposite region of the ear where the otoliths form. In the absence of this microenvironment, the particles distribute more evenly throughout the compartment, reducing the efficiency of otolith 'seeding'. Another possibility is that at 18 hph the claudinj mRNA appears to be more heavily expressed in the medial tissue, disrupting function in this domain could impair development of the sensory epithelia such that otolith material does not adhere properly. It would then be free to move into ectopic locations. Finally, while the particles are visible, there may be a critical element missing in the endolymph, either through faulty permeability or improper cell functioning, the absence of which prevents the particles from being efficiently incorporated into the otolith.
There are several claudins that have now been shown to be expressed in the zebrafish otic vesicle (Kollmar et al., 2001; zfin.org) . As the ear is a complex three-dimensional structure, it will be essential to determine exactly where and when each of these claudins are expressed so as to determine how many different types of tight junction proteins are involved in creating a functional ear, and in which combinations they are expressed in sub-regions of the developing otic vesicle. In the cldnj mutant embryos, the epithelial structure of the otocyst does not seem to be obviously disrupted, so the issue in these mutants is more complex than simply a profound loss of epithelial integrity. This is a circumstance that is similar to the one seen in the human mutation in cldn14, which causes congenital deafness, but no visible difference in ear morphology (Wilcox et al., 2001) . We find two equally compelling models to explain how the loss of cldnj causes the observed defects. First is that cldnj mutant embryos are deficient in some barrier function for specific ions, either preventing their loss, or creating channels for their passage (Amasheh et al., 2002; Heiskala et al., 2001) . Alternatively, claudins have also been demonstrated to be involved in inter and intracellular signaling through a variety of pathways (Itoh et al., 1999 Miwa et al., 2000) . The c-terminal intracellular regions of claudins have been shown to bind to signaling molecules as well as cytoskeletal elements. It is possible that a specific cellular signal fails to be transmitted in cldnj mutant embryos. The loss of this particular signal may have many different ramifications, including: preventing the release of otolith materials into the otic vesicle, failing to provide necessary cues to epithelial cells for apical vs. basal surface determinations, or a loss of cytoskeletal integrity or polarization in cells essential for ear function. It is clear that much more work will be required to understand how mutating cldnj causes the striking phenotype.
The evolution of claudin diversity
Establishing which human or mouse claudin, if any, might be analogous to cldnj is a challenging task. The evolutionary-tree analysis is ambiguous, as several of the zebrafish genes are more closely related to each other than they are across species. There is clear evidence in both zebrafish and fugu (Kollmar et al., 2001; Loh et al., 2004 ) of significant expansion occurring in the claudin family of proteins. It is perhaps an important aspect of the incredible ability the teleost radiation has demonstrated in its adapting to quite an extreme range of environments. The tree analysis we performed confirms the analysis of Loh that suggests there are five major classes of claudin proteins (Fig. 5, blue brackets) .
Examining the genomic structure of several of the highly related claudins across several species, suggests a pattern of gene duplication to generate multiple claudin genes. The most closely related human and mouse genes to cldnj are cldn3, cldn4, cldn5, cldn6, and cldn9. In humans cldn3 and cldn4 are within 60 kb of each other on chromosome 7 and a similar situation is true for cldn6 and cldn9, which are 2 kb apart on chromosome 16. Human cldn5 is on chromosome 22 and is the only claudin in the cluster that is not immediately near another claudin member. A simple hypothesis is that the original gene was claudin 5 or one related to it. A gene duplication occurred creating two genes, one of the two genes duplicated again creating a local repeat, then the repeated genes duplicated one additional time creating five highly related claudin members. In zebrafish, it appears there are at least eight genes in two clusters related to human cldn3 and cldn4 (Kollmar et al., 2001 ) so other duplications must have occurred to create an even larger set of associated proteins.
These duplicated genes and the relationships of the claudin proteins in the extended family provide an interesting opportunity to study how functions can diverge after gene duplication events. It will be important to determine the expression patterns and functional divergence of all the zebrafish claudins emerging from the multiple gene duplication events.
Materials and methods
Husbandry
General zebrafish maintenance, embryo collection, and staging embryos were carried out according to the Zebrafish Book (Westerfield, 2000) .
Startle response
Embryos were sorted into mutant and wildtype phenotypes. Each 5 dpf embryo was placed alone in a 6 cm petri dish and the dish was tapped with a metal spatula three times, with a pause of 15-30 s between taps. Startle responses were scored as an abrupt movement after tapping.
Cloning
The retroviral insertion junction fragment cloning and animal genotyping procedures were as previously described (Golling et al., 2002) . For cDNA cloning, mRNA was isolated from a T/AB-5 wildtype zebrafish and first strand cDNA was synthesized using the Clontech SMART RACE cDNA amplification kit. The EST matching the sequence adjacent to the virus was purchased (Research Genetics) and sequenced in full. 5 0 RACE was used to identify the 5 0 end of the cldnj sequence. Full-length cldnj cDNA was amplified using primers designed from the generated sequence: 340-5-1 (5-GGGGACACCTGAGACCGGTT TC-3) and 340-3-1 (5-GACGTGTTGCATAATCTAA ATCTCTGTATTGC-3). Nested PCR was performed with primers that included 'attb' repeat sequences for use with the Gateway Cloning Technology (Invitrogen): 5-attb-340 (5-AAAAAGCAGGCTGTCTTCTAATGTCTCTTTCTA ATGTCTTTTCCC-3) and 3-attb-340 (5-AGAAAGC TGGGTGGAAATGAGAGATGGAGATGGACACAA-3). Fifty microliter reactions were used containing 1! PCR buffer, 1 mM MgSO4, 1 U platinum Taq Hi-Fi(Invitrogen), and 0.2 mM dNTP's. The reactions were amplified via 30 cycles of 94 8C for 30 s, 55 8C for 30 s and 68 8C for 3 min. Cloning was performed using either Gateway Cloning Technology (Invitrogen) or pBluescriptSK (Stratagene).
Sequencing
All sequencing was performed using Big Dye Terminator PCR reactions (ABI) and electrophoresed on an ABI3100.
Morpholino injections
Injections were performed as previously described (Burgess et al., 2002) . cldnj morpholino sequence: GATTCCCAAAACCTGCAGAGCCATG. One millimolar stocks were made and diluted 1:1 with dH 2 O. Injections were done using a pulled quartz capillary and a Harvard Apparatus PLI-100 at 8 psi and 4 ms pulse.
RT-PCR
Mutant carriers were crossed and their embryos collected. Embryos from the cross were separated into wildtype and mutant phenotypes based on the presence or absence of otoliths, respectively. Embryos were manually dechorionated using forceps. cDNA synthesis and PCR was conducted simultaneously using the Invitrogen One Step RT-PCR kit with primers designed just 5 0 to the retroviral integration and yielding an z400 bp fragment. Primer sequences: 5-cldnj-375 CCTCATTTTTCTGATTGGGG, 3-cldnj-754 CGATTTTAGTCGGTGTTACCTG.
mRNA in situ hybridization and histology
Digoxigenin-labelled mRNA probes were prepared from the 3.5 kb cDNA PCR product and in situ hybridization were performed as previously described (Thisse et al., 1993) . RNA probes were purified using G50 sephadex Quick Spin columns (Roche). Sense hybridization for each probe was carried out as negative controls. Histology was performed as previously described (Becker et al., 1998) .
PCR genotyping
In order to test for the presence of the retroviral integration in the mutant and wildtype embryos, PCR was performed on genomic DNA with two claudinj primers flanking the retroviral integration site (Primer 1: 5-AACAAAATCTGGCACTCACAGTGGCTAT-3 and Primer 3: 5-CATTCGCACCGCCGCTCTAGGATGTCT AT-3) and one primer in the retroviral LTR (Primer 2:5-GGTCCCCAGATGCGGTCCAG-3). Product sizes were diagnostic of wildtype (280 bp) or mutant alleles (320 bp).
DNA extraction
DNA extractions were performed on either embryos or tail biopsies from adult fish. Embryos were collected at 3 days postfertilization. Tail biopsies were collected using a scalpel blade to clip off pieces from anesthetized fish (0.04% 3-aminobenzoic acid ethyl ester). The samples were then put into lysis buffer (100 mM NaCl, 10 mM Tris, 10 mM EDTA, 0.4% SDS, 0.1 mg/ml Proteinase K) and incubated with shaking at 50 8C for 3 h. DNA was diluted 1:30 and proteinase K heat inactivated at 95 8C for 15 min before use in PCR reaction.
Phylogenetic analysis
Phylogenetic trees for the claudin proteins were constructed using algorithms contained within the PHYLIP Phylogeny Inference Package, version 3.5c (Felsenstein, 1997) . PROTDIST was used on these sequences to calculate a distance matrix according to the Dayhoff PAM probability model. The computed distances represent the expected fraction of amino acid substitutions between each pair of sequences. The distance matrix was then used to estimate phylogenies using the neighbor-joining (NJ) method (Saitou and Nei, 1987) . Bootstrapping was carried out using SEQBOOT (100 replicates). CONSENSE was used to compute the consensus tree by the majority-rule method.
